Abstract-User equipments (UEs) offloaded from the MeNBs to the PeNBs via cell range extension (CRE) bias in a co-channel deployment suffered severe interference. The severity of the downlink interference varies significantly with the change in the CRE bias. The baseline approach for Interference mitigation technique based on time domain muting (TDM) of resources by MeNBs used trial and error technique which is causing resource wastage and is practically not feasible. Proposed here is a Model for TDM based on estimated cell load conditions and symbol efficiency (SE) as metrics to determine the muting ratio of resources. System level simulation was conducted to validate the throughput performances and the MeNBsPeNBs resource trade-offs of the proposed method. Compared to the baseline (centralized) approach, the proposed decentralized TDM algorithm exhibited optimal throughput performance and adapted to the change in CRE bias with better trade-offs.
I. INTRODUCTION Recently, there is growing interest in
Heterogeneous network with mixed macro-eNodeBs (MeNBs) and Pico-eNodeBs (PeNBs). The PeNBs are overlaid onto MeNBs in a planned manner by the network operator, thereby improving throughput performance in hotspot areas and offloading the MeNB system traffic to achieve cell splitting gain.
The PeNBs are small and low power nodes compared to MeNBs and are deployed by the network operator. They are typically installed following the Open Subscriber Group (OSG) mode [1] , hence, user equipment(s) (UE) within its vicinity can be served. The PeNBs can use a different frequency to avoid interference from MeNBs, but this type of deployment leads to a reduction in the available spectrum, resulting in the demand for more bandwidth. The co-channel deployment of MeNBs and PeNBs reduced the demand for more bandwidth, but introduced interference between them especially the cell edge UEs connected to PeNBs. Due to the difference in the transmission power of the MeNBs and the PeNBs in the downlink, more UEs tend to connect to the MeNBs when the conventional high reference signal receive power (RSRP) based cell selection is employed. This situation results in the underutilization of the available resources of the PeNBs. However, as against the conventional RSRP based cell selection, there exists a special case of cell selection where UEs connect to the PeNBs with the aid of a bias [2] despite small received signal strength, for load balancing in the system. This situation invokes severe downlink interference by the MeNBs to the UEs offloaded onto the PeNBs. To achieve the desired cell splitting gain by co-channel deployment of PeNBs in the presence of MeNBs, it is of vital importance to protect the PeNB UEs, especially those at the cell edges. This can be achieved by employing interference mitigation scheme in the downlink of MeNBs.
Time domain muting and Frequency domain muting are among the several interference mitigation techniques developed to improve the performance of PeNB UEs, especially UEs at the cell edges [3] , [4] . These techniques desired to achieve a trade-off between the MeNBs and PeNBs performance. For instance, the baseline time domain muting offers not to transmit on some resources in order to protect the PeNB UEs from interference, but at the same time there is need for the MeNB UEs not to be starved of resources [5] . Some of the muting patterns are based on the interference measurement while others are fixed centrally by all MeNBs through coordination.
The Frequency domain ICIC of LTE release 8 applies to only MeNBs and it only protects data channel;no protection for physical control channels, and this makes it not suitable for LTE-Advanced HetNets. Nevertherless, carrier aggregation (CA) [6] where different component carriers are aggregated can be employed for the frequency domain ICIC. MeNBs and PeNBs can be deployed on different carries to mitigate the interference suffered by the PeNBs, but this technique is outside the scope of this paper.
The baseline approach of MeNBs resource muting for interference mitigation of PeNB UEs in LTEAdvanced has been studied by many authors [1] - [5] , where uniform muting values were assigned to all the cells in a centralized manner. However, it is evident that the interference in the cells varies according to the UE distribution, traffic load conditions, channel quality etc. Hence, the choice of muting ratio should vary across the different MeNBs to account for the changes in the cell conditions. Optimal resource muting based on load condition in a distributed manner has rarely been studied based on my knowledge.
The proposed time domain muting algorithm for interference mitigation takes into cognisance the load condition as a result of the change in CRE bias in the system and mute resources accordingly. The proposed muting approach has the ability of optimal muting of resources that can ensure better trade-offs; avoid outages due to resource wastages by the MeNBs on one hand, and provide effective interference mitigation to the PeNB UEs on the other hand. The proposed algorithm has the advantage of adaptively muting resources of each MeNB based on the load condition in that cell; it can be said to be decentralized and adaptive in nature.
The proposed algorithm will be derived and its performance hereafter evaluated and validated in a system level simulation. It is expected that, the proposed algorithm will offer an effective means of inter-cell interference mitigation and also provide a practical approach to time domain muting that offers the best trade-offs for throughput according to the load conditions due to the CRE bias changes in a HetNets deployment. This paper is organized as follows: Section II introduces cell selection by range extension and the interference mitigation considered in this paper; Section III describes the scenario and simulation assumptions; in section IV, performance analysis of the proposed technique is presented. Finally, Section V concludes the paper.
II. CELL SELECTION AND INTERFERENCE MITIGATION
Referable to the difference in the transmission power between the PeNBs and MeNBs, appropriate cell selection criteria for UEs based on the received signal strength need to put in place in order to extend coverage of PeNBs and achieve the cell splitting gain. The cell range extension (CRE) bias based cell selection offers a better solution for PeNBs coverage extension on one hand, and on the other hand caused inter-cell interference to the offloaded PeNB UEs from the MeNBs. To fully achieve the desired UEs throughput performance and significant improvement to the overall system throughput performance after cell selection, there has to be an effective interference mitigation scheme put in place.
A. Cell Selection with Range Extension Bias
The cell selection is a means whereby UEs attach themselves to serving cell for communication. The conventional cell selection based on maximum RSRP (max RSRP) is not suitable in the MeNBs-PeNBs scenario because the UEs' choice of cell is determined by the highest received signal power. This is because the MeNBs' high transmission power influences more UEs to select them as serving cells, making the load on the system unbalanced and also the PeNBs not fully utilized. To extend the coverage of the PeNB and for improved cell splitting gain, the CRE bias based cell selection technique [1] , [5] is employed as shown in Fig.1 
Fig. 1 Cell range extension in MNB-PNB scenario
The CRE bias is a value added to the RSRP of UEs in cell selection to influence them to connect to PeNBs despite having small received signal strength. This leads to the extension of the coverage of the PeNBs. The serving cell of UEs is selected based on this criteria: max {RSRP + bias}, where bias=0dB and bias > 0dB are for MeNB and PeNB respectively. This implies that UEs does not always connect to a base station with the strongest received signal power in the downlink.
Since the UEs sometimes connect to PeNBs even with the low received signal strength compared to MeNBs, it leads to the interference situation in the downlink. The MeNBs with strong transmission signals will cause severe interference to PeNB UEs, especially where high bias values were used. The offloaded UEs will have a low signal to interference to noise ratio (SINR) which decreases as the bias values increases. Consequently, the desired cell splitting gain with CRE bias based cell selection cannot be achieved without employing an effective interference mitigation scheme.
B. Time Domain Muting for Interference Mitigation
The previous section intensifies the need of managing the severe interference in the downlink [7] resulting from the CRE bias in the MeNB-PeNB deployment scenario. The almost blank subframe (ABS) [5] , [8] is the key approach to time domain interference mitigation in LTE-Advanced. The aim of the ABS is to reduce the interference to other cells by restricting (muting) transmission on some certain subframes of some cells. They are called 'almost' blank subframes because Common Reference Signals (CRS) are still transmitted on the muted subframes. The orientation and number of CRS depend on the type of ABS used. The ABS can be configured in either normal or "Multimedia Broadcast multicast [9] in LTE. The MBSFN ABS has less interference than normal ABS because it does not have CRS in the Physical Downlink Shared Data transmission Channel (PDSCH) where data traffic is transmitted. Fig. 2 shows the muting of subframes 1 and 9 of MeNB to protect the UEs scheduled on the same subframes by the PeNB. 
ASSUMPTIONS
The proposed TDM algorithm in the downlink of MeNB-PeNB with CRE bias is derived in this section and the deployment scenario will be evaluated in a multi-cell system level simulator. The simulation is performed according to LTE specifications defined in [10] and [11] . The investigated scenario is depicted in Fig. 1 , where the PeNBs employed CRE bias to offload the MeNBs traffic. The UEs distribution follws the configuration 4b [10] , where a fraction of their total number were randomly distributed in the PeNBs' centre and the remaining UEs were uniformly distributed between the PeNB edges and the MeNB. The PeNBs were deployed in each sector of the MeNBs. The simulation was done with a constant number of UEs in a series of simulation runs and the simulation parameters are summarized in Table I .
The capacity of any UE in an LTE system with is given by:
Where is the number of subcarriers in a resource block (RB), is the number of RBs in a bandwidth, number of symbols in an RB (7 for normal cyclic prefix (CP) and 6 for extended CP), is the modulation symbols (e.g. 6 bits if 64-QAM is used), is for coding and is for time slot (0.5ms i.e. 11sub-frame = 1ms). From Equation 1, the capacity of a UE i in a cell with N RBs ( and M UEs is given by:
The is the SE and it represents the product of the modulation symbol and the coding rate.
The cell selection of MeNB UEs and PeNB centre UEs is based on maximum RSRP as explained in section II. However, the cell edge UEs received high RSRP from MeNB, but due to CRE bias they connect to PeNB as CRE UEs. From the UE distribution, the PeNB centre UEs has shortest distance which translates to small path-loss and high capacity. Therefore, the minimum capacity point of intersection is between the MeNB UEs and the range extension UEs. The result of the manipulation of Equation 6 gives us the point of intersection, which is given as:
where represents the number of MeNB UEs and PeNB range extension UE, and, represents the SE of the PeNB CRE UEs and MeNB UEs respectively. The symbol γ in Equation 7 represents the ABS muting ratio that maximizes the worst UE capacity of the cell edge UEs. Each MeNB decides the amount of resources it's going to mute based on equation 7. It can also be deduced from the equation that the ABS ratio depends on two factors: the ratio between MeNB UEs and PeNB range extension UEs, and the ratio between the minimum SE of the MeNB and the PeNB CRE bias UEs. The PeNBs' CRE bias UEs are to be scheduled on the muted resources by MeNBs to protect them from the interference. The PeNB centre UEs are also to be scheduled on the remaining nonprotected resources.
The performance of the algorithm will be evaluated under the severe interference situation in a range extension deployment. The following indicators will be used for performance evaluation:
• Average cell throughput: throughput averaged over all simulated cells from all simulation drops • Cell edge user throughput: the 5%-tile worst UE throughput
IV. PERFORMANCE ANALYSIS

A. Throughput Performances and Proportions of UEs with CRE bias
This subsection shows how to achieve load balancing through CRE bias techniques using the UEs proportion as a metric representing cell load condition. Detailed throughput analysis with CRE bias is also presented. The importance of interference mitigation, particularly for the cell edge UEs at high CRE bias is also stressed here.
The proportions of all UEs with an increase in CRE bias are summarized in Table II . The proportion of PeNB UEs (hereafter called PRE UEs) offloaded with CRE bias increased by 5% and the MeNB UEs (MUEs) decreased by the same 5% due to the increase in CRE bias by 2 dB. The percentage of PeNB Centre UEs (PC UEs) remained unchanged because they were not affected by the change in the CRE bias. These demonstrate the offloading effect associated with changing the CRE bias values on the UEs. Although, increasing the CRE bias has a positive effect by offloading more UEs to the PeNBs (Table  I) , this resulted in the decrease in SINR of the offloaded UEs (PRE UEs) due to the effect of severe interference suffered from the MeNBs (Fig. 3) . The SINRs of the PRE UEs (corresponds to 5% CDF) decreased by -4 dB and -6 dB when the CRE bias increased from 0 dB to 8 dB and 8 dB to 16 dB respectively (Fig. 3) . When PeNBs were not deployed (macro only), the average throughput of MeNB UEs remained unchanged at 0.024 dB even when CRE bias was increased from 0 dB to 16 dB (Fig. 4) . That was because the CRE bias took effect only when the PeNBs were deployment. However, when PeNBs offloaded some of the MeNBs' loads, the average throughputs of MeNB UEs (macroput) were 3.17, 7.18 and 21.40 times higher than the macro only UEs average throughput at 0 dB, 8 dB, and 16 dB CRE bias respectively Fig. 4) . The significant increase in the average throughput of the MeNBs UEs was as a result of the offloading of the cell edge UEs with low SINR to the PeNBs, which paved way for the remaining high SINR MeNB UEs to share all the available resources.
However, the average throughput of the UEs offloaded to the PeNBs through CRE bias (pico edge) showed no significant increase even with high CRE bias, which was due to the severe effect of the interference from the MeNBs. Moreover, conforming to the effect of the severe inter-cell interference on the cell edge UEs, their sum throughputs were 2.12%, 7.79%, and 10.48% of the of the total throughput (hetput) when PeNB centre UEs (pico centre) contributed 77.88%, 77.93% and 62.88% at CRE bias 4 dB, 12 dB and 16 dB respectively (Fig. 5) . Consequently, these results underscore the need for interference mitigation to improve the throughputs of the UEs offloaded to the PeNBs through CRE bias. Also, since it was observed that significant amount of the load (number of UEs) was concentrated at the centre of the PeNBs, there is need for an optimal interference mitigation scheme that put the load condition into consideration for improved throughput performance, especially for the cell edge UEs. 
B. Throughput Performance of UEs with RE bias and Muting
The performance of the proposed interference mitigation algorithm with CRE bias will be analysed and comparison will be made with the baseline approach [5] . It is noteworthy that the baseline approach has no specific criteria for muting; fixed muting ratios were centrally assigned to all the MeNBs using trial and error. Hence, 1/8, 4/8, and 7/8 muting ratio were used as the baseline muting for comparison. The average throughput of Pico edge UEs at 8dB and 1/8, 4/8, 7/8 and the proposed muting were 4.48, 17.94, 31.41 and 14.88 times higher, and the MeNB UEs (Macro) were 1.14, 2.00, 8.00, and 1.90 times lower than the no muting case respectively (Fig. 6 ).
Fi. 6: Average UEs throughput at 8dB RE bias with muting
The performances Pico edge UEs at 10 dB with 4/8 and the proposed muting were 14.02 and 16.11 times higher and that of MeNB UEs were reduced by 2.00 and 2.67 respectively (Fig. 7) . The 7/8 muting has the best average throughput performance in the case of the PeNB edge UEs, but also the worst in the case of Macro UEs. Conversely, the 1/8 muting has its best throughput for the MeNB UEs and worst for PeNB edge UEs. This shows that there has to be some trade-off in the muting so that both the Macro UEs and PeNB edge UEs has some reasonable performances. The 4/8 muting exhibited the best (optimal performance) trade-off among all the muting patterns considered here and the closest to the optimal was the proposed algorithm. This shows that the proposed method achieved near optimal performance without resorting to trial and error; which is practically not feasible.
It was also observed that the performances of the PeNB edge UEs at 4/8 muting has reduced and that of the proposed muting has increased when the CRE bias was increased from 8 dB to 10 dB. The above results also demonstrate the ability of the proposed method to adapt to the changes in the CRE bias. It is noteworthy that the reduction in the MeNB UEs throughput was partly because of the offloading effect by the CRE bias.
Depicted in Fig. 8 , is the area throughput performances of the Pico edge UEs and the Macro UEs exhibited the same pattern of behaviour with that of Fig. 6 . The 4/8 muting ratio and the proposed method were 16.08 and 14.68 times higher and, 2.00 and 1.81 times lower than the no muting case in terms of Pico edge and Macro area throughputs at 8 dB CRE bias respectively . At 10 dB CRE bias, the Pico edge area throughputs were 13.23 and 15.9 times higher and the Macro area throughputs were 2.00 and 2.47 lower than no muting at 4/8 and the proposed muting respectively (Fig. 9) . The Pico edge performances of the proposed muting increased while the 4/8 muting decreased when CRE bias was increased from 8 dB to 10 dB. This conforms to the earlier adaptive nature of the average throughput performance of the proposed algorithm. However, the decrease in the Macro performance of the proposed muting approach when the CRE bias was increased from 8 dB to 10 dB was due to the offloading of more UEs from MeNBs to the PeNBs. Simulations conducted further validated the proposed analytical model and proved its feasibility to effectively mitigate intercell interference while taking into consideration the load conditions in the cells . The dependence of the decentralized TDM on the SE and the load conditions made it possible to reach the optimal throughput performances with better trade-offs for MeNBs and PeNBs, this resulted in a balanced and improved system compared to the baseline approach. The algorithm further intensifies the need for certain metrics (like the load conditions) to be considered as the criteria for the muting of resources to mitigate the effect of interference rather than the fixed muting (baseline approach) which was based on trial and error. Moreover, the performance of the algorithm in terms of interference mitigation shows that it adapts to various interference situations and maintained the MeNBs and PeNBs trade-offs. Expectedly, the resource muting decreased the throughputs of MeNBs, nevertheless it has resulted in significant system throughput gain through the cell edge PeNB UEs. For improved MeNBs performance with muting, adaptive CRE bias should be considered. 
